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1 AGENT-BASED MODEL OF TRANSMISSION AND CONTROL OF THE COVID-19
PANDEMIC IN AUSTRALIA: AMTRAC-19

1.1 Demographics
Each agent in the artificial population belongs to several mixing groups stochastically generated from

census data based on Statistical Areas (SA1 and SA2) level statistics, and the distributions across age
groups, households and workplaces (Cliff et al., 2018; Zachreson et al., 2018; Fair et al., 2019; Chang et al.,
2020). Agents are split into five different age groups: preschool aged children (0-4), children (5-18), young
adults (19-29), adults (30-64) and older adults (65+), with a further refinement into specific ages derived
when necessary from the census distribution. During the daytime simulation cycle (time-step), agents
interact in “work regions”, e.g., an agent representing an adult individual (19-64) interacts within a work
group, while children agents (5-18) interact within classrooms, grades, and schools. During the nighttime
cycle, individuals interact in “home regions”, e.g., households, household clusters, neighbourhoods (SA1),
and communities (SA2). Preschool children and older adults interact only in home regions during the
nighttime simulation cycle. During weekends, the nighttime simulation cycle runs twice, thus replacing
daytime interactions in work regions with an additional interaction cycle in home regions.

1.2 Transmission probability
At each time-step n the simulator computes the probability of infection pi(n) for a susceptible agent i.

This is determined by considering all relevant mixing contexts (daytime or nighttime) g for the agent i,
selected from Gi(n), and the infection states of other agents j in each context Ag. The context-dependent
probability that infectious individual j infects susceptible individual i in context g in a single time step,
pgj→i, is defined as follows:

pgj→i(n) = κ f(n− nj | j) qgj→i (S1)

where κ is a global scaling factor (selected to calibrate to the reproductive number R0), nj denotes the
time when agent j becomes infected, and qgj→i is the probability of transmission from agent j to i at the
infectivity peak, derived from the transmission or contact rates. The function f : N → [0, 1] quantifies
the infectivity of agent j over time, according the natural history of the disease; f(n− nj | j) = 0 when
n < nj ; cf. Supplementary Fig. S1. The transmission rates qgj→i for the household and study environments
are shown in Table S1. The contact rates cgj→i for household clusters, neighbourhoods, and communities
are detailed in Table S2. These contact rates are rescaled, using a fixed scaling factor ρ, to transmission
rates (Cliff et al., 2018):

qgj→i = ρ cgj→i. (S2)

The overall probability that a susceptible agent i is infected at a given time step n is then calculated
as (Chang et al., 2020)

pi(n) = 1−
∏

g∈Gi(n)

 ∏
j∈Ag\i

(1− pgj→i(n))

 . (S3)
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This expression is adjusted to account for the agents adhering to various non-pharmaceutical interventions
and vaccinations, as detailed below, see (S4) and (S5). At the end of each cycle, a Bernoulli trial with
probability pi(n) determines if a susceptible agent becomes infected.

1.3 Natural history of disease
In a single agent, the disease progression from exposure to recovery develops over several agent states:

SUSCEPTIBLE, LATENT, infectious SYMPTOMATIC, infectious ASYMPTOMATIC, and RECOVERED. In
general, the first phase is the latent period during which infected agents are unable to infect others. However,
in modelling the Delta variant, AMTraC-19 sets this period to zero days. The second phase is the incubation
period characterised by an exponentially increasing infectivity, from 0% to 100%, reaching its peak at the
end of the incubation period after Tinc days (see Supplementary Fig. S1). In the third, post-incubation,
phase the infectivity decreases linearly from the peak to zero, over Trec days until the recovery (with
immunity). The parameters Tinc(i) and Trec(i) are randomly generated for each agent i, see Table S3, thus
defining the disease progression in the affected agent, i.e., D(i) = Tinc(i) + Trec(i).

Asymptomatic cases are set to be 50% as infectious as symptomatic cases, α = 0.5. We assume that
67% of adult cases are symptomatic (σa = 0.67), and a lower fraction (either 13.4% or 26.8%) is set
as symptomatic in children (e.g., σc = 0.268). The fractions σa,c reduce the probability of becoming ill
(symptomatic) pdi (n), given the infection probability pi(n), for each adult or child agent: pdi (n) = σa|cpi(n).
On each simulated day, pre-symptomatic, symptomatic and asymptomatic cases are detected with specific
probabilities r (see Supplementary Material: Model calibration). Only detected cases are counted in the
incidence profiles. Table S3 summarises the main model parameters.

1.4 Reproductive number
For every scalar κ, the reproductive number R0 is estimated numerically (Zachreson et al., 2020), by

stochastic sampling of index cases (sample size ≈ 104). Every micro-simulation randomly selects a single
index case, and detects the number of secondary infections generated during the period until the index case
is recovered. The secondary cases themselves are prevented from generating further infections, so that all
detected cases are attributed to the index case. In order to reduce the bias in selecting a typical (rather than
purely random) index case, we employ “the attack rate pattern weighted index case” method (Germann
et al., 2006; Zachreson et al., 2020), based on age-specific attack rates. These age-stratified weights,
computed as averages over many full simulation runs, are assigned to secondary cases produced by
the micro-simulation sample of index cases. This accounts for the correlations between age groups and
population structure (Miller, 2009). Given the five age groups, [0–4, 5–18, 19–29, 30–64, 65+], the
following age-specific weights were used in producing R0 as the weighted average of secondary cases:
[0.064, 0.1919, 0.1412, 0.4583, 0.1446].

This procedure is different from an empirical estimation of the reproductive number R0 which would
require comprehensive and still unavailable data on the actual secondary infections generated by different
index cases. Instead, the numerical estimations of R0 derived from the ABM are compared with the known
estimates of R0, and further validated by checking the concordance between projected and actual epidemic
curves (see Supplementary Material: Model calibration).
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1.5 Non-pharmaceutical interventions
The agents affected by various NPIs (case isolation: CI; home quarantine: HQ; school closures: SC; social

distancing: SD) are determined in the beginning of each simulation run, given specific compliance levels
explored by a simulation scenario. Every intervention F is specified via the fraction F of the population
complying with the NPI (“macro-distancing”), and a set of interaction strengths Fg (“micro-distancing”)
that modify the transmission probabilities within a specific mixing context g: households (Fh), communities
(Fc), and workplaces/study environments (Fw). For non-complying agents j, the interaction strengths are
unchanged, i.e., Fg(j) = 1, while for complying agents j, the strengths are generally different: Fg(j) 6= 1,
so that the transmission probability of infecting a susceptible agent i is adjusted as follows:

pi(n) = 1−
∏

g∈Gi(n)

 ∏
j∈Ag\i

(1− Fg(j) p
g
j→i(n))

 . (S4)

The intervention-induced restrictions are applied in a specific order: CI, HQ, SD, SC (for parents SCa and
children SCc), with only the most relevant interaction strength Fg applied during each simulation cycle. For
example, if a symptomatic student is in case isolation, then the interaction strengths HQg, SDg and SCc

g

would not modify the agent’s transmission probabilities, even if this agent is considered compliant with the
corresponding measures, and the only applicable strength would be CIg. The macro-distancing levels of
compliance and the interaction strengths (micro-parameters) defining the NPIs are summarised in Table 1.
To re-iterate, the macro-distancing compliance levels across interventions F define how many agents (i.e.,
F ) adjust their interaction strengths to the micro-distancing levels Fg within specific contexts g.

At macro-level, some interventions, e.g., the CI and HQ measures, are set to last during the full course
of the simulated scenario. The duration of SD and/or SC measures varies. In general, there may be a
predefined set of intervals describing the (possibly interrupted and resumed) duration of intervention F. In
AMTraC-19, we express the continuous duration as the number of days, FT , following a threshold FX in
cumulative detected cases. At micro-level, the interaction strengths are reduced during the same period Ft

for most of the measures, except HQ which is modelled to reduce the interaction strengths of the compliant
agents for 14 days. The micro-duration of CI is limited by the disease progression in the affected agent
i, i.e., D(i). Formally, an intervention F is defined by a set of parameters: {F, FT , FX , Fh, Fc, Fw, Ft},
for example, SD may be defined by {0.6, 191, 400, 1.0, 0.25, 0.1, 191}. A scenario is then defined by a
combination of these sets defined for all interventions CI, HQ, SD, SCa and SCc, see Table S4.

1.6 Vaccination modelling
The national COVID-19 vaccine rollout strategy pursued by the Australian Government follows

a hybrid approach combining two vaccines: BNT162b2 (Pfizer/BioNTech) and ChAdOx1 nCoV-19
(Oxford/AstraZeneca), administered across specific age groups (the eligibility policy has underwent multi-
ple changes, with different age groups provided access progressively). Our model accounts for differences
in vaccine efficacy for the two vaccines approved for distribution in Australia, and distinguishes between
separate vaccine components: efficacy against susceptibility (VEs), disease (VEd) and infectiousness
(VEi).
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Given these components, the transmission probability of infecting a susceptible agent i is adapted as
follows:

pi(n) = (1− VEsi)

1−
∏

g∈Gi(n)

 ∏
j∈Ag\i

(1− (1− VEij)Fg(j) p
g
j→i(n))

 (S5)

where for vaccinated agents VEij = VEi and VEsi = VEs, and for unvaccinated agents VEij = VEsi = 0.
The probability of becoming ill (symptomatic) is affected by the efficacy against disease (VEd) as follows:
pdi (n) = (1− VEd)σa|cpi(n) for adults and children.

For the pre-pandemic vaccination rollout, the extent of pre-outbreak vaccination coverage was set at
6% of the population, approximately matching the level actually achieved in Australia by mid-June 2021.
For the progressive vaccination rollout, the initial coverage was set at zero, followed by vaccination
uptake averaging 3% per week for the duration of simulation, and reaching the levels detailed in Table S5.
Specifically, a policy-relevant milestone of 70% vaccinated adults is reached within the model around 13
November, that is, after 121 days of social distancing and school closures, see Supplementary Data 2; cf.
Table S4 for duration of measures.

In setting the efficacy of vaccines against B.1.617.2 (Delta) variant, we followed the study of Ber-
nal et al. (Bernal et al., 2021) which estimated the efficacy of BNT162b2 (Pfizer/BioNTech) as VEc
≈ 0.9 (more precisely, 87.9% with 95% CI: 78.2 to 93.2), and the efficacy of ChAdOx1 nCoV-19
(Oxford/AstraZeneca) as VEc ≈ 0.6 (i.e., 59.8% with 95% CI: 28.9 to 77.3). Given the constraint for the
clinical efficacy (Zachreson et al., 2021):

VEc = VEd + VEs− VEs VEd, (S6)

we set VEd= VEs= 0.684 for BNT162b2, and VEd= VEs= 0.368 for ChAdOx1 nCoV-19.

Recent studies also provided the estimates of efficacy against infectiousness (VEi) for both considered
vaccines at a level around 0.5 (Harris et al., 2021). A general sensitivity analysis of the model to changes in
VEi and VEc was carried out in (Zachreson et al., 2021).

In both rollout scenarios, the vaccinations are assumed to be equally balanced between the two vaccines,
so that each type is given to approximately (i) 0.7M individuals initially, by mid-June, or (ii) 4.7M
individuals progressively, by mid-September. Vaccines are distributed according to specific age-dependent
allocation ratios, ≈ 2547:30,000:1000, mapped to age groups [age ≥ 65] : [18 ≤ age < 65] : [age < 18
], as explained in our prior work (Zachreson et al., 2021). That is, for every 2547 agents aged over 64
years, 30,000 individuals aged between 18 and 64 years, and 1000 agents under the age of 18 years are
immunised. The allocation ratios are aligned with the age distribution of the Australian population (based
on the 2016 ABS Census), while reflecting the tighter regulations on vaccine approval for children. At each
simulation cycle this process immunises agents at a fixed rate. The allocations continue over a number of
cycles until all adult agents are immunised. At the end of all allocations, the fraction of immunised children
reaches approximately 20% of all children (i.e., agents under the age of 18 years).

2 MODEL CALIBRATION
In order to model transmission of the Delta (B.1.617.2) variant during the Sydney outbreak of COVID-19
(June–July 2021), we re-calibrated the model to match the reproduction number approximately twice
as high as our previous estimates (R0 ≈ 3.0) for the two waves in Australia in 2020. In aiming at this
level, we followed global estimates, which showed that the R0 for B.1.617.2 is increased by 97% (95%
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CI of 76–117%) relative to its ancestral lineage (Campbell et al., 2021). As implemented in our model,
the re-calibrated reproductive number was estimated to be R0 = 5.97 with a 95% CI of 5.93–6.00. The
corresponding generation period is estimated to be Tgen = 6.88 days with a 95% CI of 6.81–6.94 days.
The fraction of symptomatic children among all pediatric cases was set to σc = 0.134. The 95% confidence
intervals (CIs) were constructed from the bias corrected bootstrap distribution (Efron and Tibshirani, 1994).

The model calibration varied the scaling factor κ (which scales age-dependent contact and transmission
rates) in increments of 0.1. The best matching κ was identified when the resultant reproductive number,
estimated in this work using age-stratified weights (Zachreson et al., 2020), was close to R0 = 6.0. The
procedure resulted in the following parametrisation:

• the scaling factor κ = 5.3 produced R0 = 5.97 with 95% CI of 5.93–6.00 (N = 6318, randomly
re-sampled in 100 groups of 100 samples; confidence intervals constructed by bootstrapping with the
bias-corrected percentile method (Efron and Tibshirani, 1994));

• the fraction of symptomatic cases was set as σa = 0.67 for adults, and 1/5 of that, i.e., σc = 0.134, for
children;

• different transmission probabilities for asymptomatic/presymptomatic and symptomatic agents were set
as “asymptomatic infectivity” (factor of 0.5) and “pre-symptomatic infectivity” (factor of 1.0) (Ferretti
et al., 2020; Wu et al., 2020);

• incubation period Tinc was chosen to follow log-normally distributed incubation times with mean 4.4
days (µ = 1.396 and σ = 0.413) (Zhang et al., 2021);

• a post-incubation infectious asymptomatic or symptomatic period was set to last between 7 and 14
days (uniformly distributed) (Centers for Disease Control and Prevention, 2020; Arons et al., 2020;
Wölfel et al., 2020); and
• different detection probabilities were set as symptomatic (detection per day is 0.227) and

asymptomatic/pre-symptomatic rates (detection per day is 0.01) (Zachreson et al., 2021).

Calibration of the fraction of symptomatic cases in children, including its higher setting σc = 0.268, is
detailed in Supplementary Material: Sensitivity analysis. Estimation of the growth rates in incidence is
described in Supplementary Material: Growth rates. In summary, two parameters were varied during
the calibration: the scaling factor κ and the fraction of symptomatic cases in children σc, both reflecting
specifics of the Delta variant. Other key epidemiological parameters listed above, e.g., different transmission
probabilities, were calibrated previously (Chang et al., 2020; Zachreson et al., 2021). The remaining
parameters describing the natural history of the disease, e.g., the incubation period, were set according
to the available epidemiological evidence and varied during a sensitivity analysis, as described below.
Table S6 summarises the key calibration outcomes.

The parametrisation of NPIs is independent of the disease model implemented in AMTraC-19, and thus,
the NPI parameters were kept constant during calibration, being varied only within different scenarios (i.e.,
in setting moderate versus tight restrictions). As a result, the reported findings quantifying specific effects
of interventions are decoupled from the disease model calibration.

3 SENSITIVITY ANALYSIS
Several internal parameters have been varied during prior sensitivity analyses (Chang et al., 2020; Zachreson
et al., 2021). For this study, we carried out additional sensitivity analyses in terms of the incubation period,
the reproductive number, the generation period, and the fraction of symptomatic cases for children σc. The
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analysis presented below covers the time period between 17 June and 13 July inclusively, and is based on
the pre-pandemic vaccination rollout. It can be contrasted with the progressive vaccination rollout studied
in the main manuscript.

3.1 Incubation period
While previously the incubation period of COVID-19 was estimated to be distributed with the mean

5.5 days (Ferretti et al., 2020; Lauer et al., 2020), a more recent study of the Delta variant reported a
shorter mean incubation period: 4.4 days (with 95% CI of 3.9-5.0) (Zhang et al., 2021). Our previous
sensitivity analysis (Chang et al., 2020) showed that the model is robust to changes in the time to peak
infectivity, investigated in the range between 4 and 7 days. Here we investigated the sensitivity of the
updated model to changes in the incubation period specifically, varying it between the mean 4.4 days
(log-normally distributed with µ = 1.396 and σ = 0.413), matching the estimates of Zhang et al. (Zhang
et al., 2021) and the mean 5.5 days (log-normally distributed with µ = 1.644, σ = 0.363) (Ferretti et al.,
2020).

The comparison between the 4.4-day and 5.5-day incubation periods was carried out for the same
scaling factor κ = 5.3. The corresponding reproductive number changed from R0 = 5.97 (95% CI of
5.93–6.00, N = 6318, Tinc = 4.4) to R0 = 6.39 (95% CI of 6.36–6.43, N = 7804, Tinc = 5.5), that is, by
approximately 7%. Similarly, the corresponding generation periods changed from Tgen = 6.88 (95% CI of
6.81–6.94, N = 6318, Tinc = 4.4) to Tgen = 7.77 (95% CI of 7.71–7.83, N = 7804, Tinc = 5.5), i.e., by
approximately 13%. This relatively small sensitivity is explained by the high level of infectivity exhibited
in our model by pre-symptomatic and asymptomatic individuals, see. Fig. S1.

3.2 Sensitivity of outcomes for moderate restrictions
Furthermore, using the suppression threshold of 100 cases, corresponding to the initial restrictions (June

27), we contrasted the scenarios based on different incubation periods. In doing so, we also varied global
scalars κ producing different reproductive numbers and generation periods, thus extending the sensitivity
analysis beyond local sensitivities. Specifically, for Tinc = 5.5, the scaling factor κ = 5.0 produced
the reproductive number R0 = 6.09 with 95% CI of 6.03–6.15 (N = 6703), and the generation period
Tgen = 7.74 with 95% CI of 7.68–7.81. For each setting, we identified the levels of social distancing (SD),
triggered by the suppression threshold of 100 cases (June 27), that best matched the actual incidence data.
This comparison allowed us to establish robustness of the model outcomes to changes in Tinc, R0 and Tgen.
The outcomes are shown in Fig. S2 (Tinc = 4.4 and R0 = 5.97, Tgen = 6.88, produced by κ = 5.3) and
Fig. S3 (Tinc = 5.5 and R0 = 6.09, Tgen = 7.74, produced by κ = 5.0).

The SD levels were based on moderately reduced interaction strengths detailed in Table 1. For the setting
with shorter incubation period, the best matching scenarios were given by SD = 0.4 and SD = 0.5, see
Fig. S2, with growth rate β0.4 = 0.093 being the closest match to the actual growth rate βI = 0.098 (see
Table S7). For the setting with longer incubation period, the best matching scenarios were produced by
SD = 0.3 and SD = 0.4, see Fig. S3, with β0.3 = 0.099 being the closest match to βI , while β0.4 = 0.084
was within the range. The sensitivity analysis revealed that the model outcomes for moderate restrictions
are not strongly influenced by changes in Tinc, R0 and Tgen within the explored ranges. In other words, it
confirmed the conclusion that the social distancing compliance, at least until July 13, has been followed
only moderately (around SD = 0.4), and would be inadequate to suppress the outbreak.
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3.3 Sensitivity of suppression outcomes for tight restrictions (counter-factual analysis)
We also contrasted the suppression scenarios based on different incubation periods, reproductive numbers

and generation periods (again using the threshold of 100 cases, triggered by the tight restrictions, under
a pre-pandemic vaccination coverage). We explored feasible SD levels, 0.5 ≤ SD ≤ 0.9, staying with
CI = 0.7 and HQ = 0.5, but using the lowest feasible interaction strengths (NPIc = 0.1, where NPI is
one of CI, HQ, SC and SD), as specified in Table 1. For each setting, we identified the duration of measures
required to reduce the incidence below 10. The results are shown in Fig. S4 (Tinc = 4.4, R0 = 5.97,
Tgen = 6.88, κ = 5.3) and Fig. S5 (Tinc = 5.5, R0 = 6.09, Tgen = 7.74, κ = 5.0).

For each setting, a suppression of the outbreak is observed only for macro-distancing at SD ≥ 0.7.
Specifically, at SD = 0.8, new cases reduce below 10 per day approximately a month after a peak in
incidence (when Tinc = 5.5, R0 = 6.09), and the alternate setting (Tinc = 4.4, R0 = 5.97) achieves this
target a few days earlier (in 28 days). At SD = 0.7 the difference between the settings grows: while for the
setting with Tinc = 5.5, R0 = 6.09 the post-peak suppression period exceeds two months, the alternative
(Tinc = 4.4, R0 = 5.97) approaches the target about eight weeks (55 days) after the peak. There is a minor
difference between the considered settings at SD = 0.9 which would achieve the required reduction within
three weeks following the peak in incidence. The sensitivity analysis shows that changes in Tinc, R0 and
Tgen within the considered ranges do not strongly affect the modelled suppression outcomes. This supports
the projection that the peak in incidence would be followed by approximately four weeks at SD = 0.8,
and that this period would lengthen at least twice if the compliance reduced by 10% to SD = 0.7 (this
setting produced the highest sensitivity among the levels demonstrating the suppression, due to its low rate
of the incidence decline).

3.4 Fraction of symptomatic cases in children
During the initial outbreak in Sydney, several COVID-19 cases have been reported in schools and early

childhood centres, with one outbreak in a primary school at the end of June involving four children (Danchin
et al., 2021; Health Protection NSW, 2021a). On 8 September 2021, the National Centre for Immunisation
Research and Surveillance (NCIRS) released a comprehensive report reviewing SARS-CoV-2 transmission
within schools and early childhood services in NSW (NCIRS, 2021). The NCIRS report analysed transmis-
sions of the Delta variant during the period between 16 June 2021 and 31 July 2021, with follow-up data
until 19 August 2021. It noted that the majority of children (98%) had asymptomatic or mild infection,
without further separating these two categories. Importantly, between 16 June and 31 July, 22% cases were
recorded in children and young people under the age of 18 years (for the period between 1 and 19 August,
this proportion was reported as 29%). The average fraction of cases in children, Ac = 0.27, within the
range of [0.22, 0.29], is higher than the one reported in 2020 for the ancestral lineage of SARS-CoV-2
(with the corresponding proportion reported to be as low as 3.2%) (Macartney et al., 2020), suggesting a
higher fraction of symptomatic cases for children (including mild cases).

We analysed the model sensitivity to changes in the fraction of symptomatic cases for children, varying it
from σc = 0.134 to a higher value (σc = 0.268). This analysis was carried out for the incubation period
Tinc = 4.4 days and the scalar κ = 5.3.

The reproductive number increased from R0 = 5.97 for the lower fraction (95% CI of 5.93–6.00, over
N = 6318 simulations), to R0 = 6.20 for the higher fraction (with 95% CI of 6.16–6.23, N = 6609).
The change was within 4%. The generation period has changed even less: from Tgen = 6.88 for the lower
fraction (95% CI of 6.81–6.94, N = 6318), to Tgen = 6.93 (with 95% CI of 6.87–6.99, N = 6609). This
change stayed within 1%, with confidence intervals overlapping. Such low sensitivity is in agreement with
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our prior analysis showing slow linear increases of R0 and Tgen in response to changes in the fraction
σc (Chang et al., 2020).

Our Australia-wide modelling used the higher fraction: σc = 0.268, resulting in R0 = 6.20 and
Tgen = 6.93. In concordance with the NCIRS report, this setting resulted in the fraction of cases in children
averaging Ac = 0.22 (computed for the period from 2 July to 19 August, with SD = 0.5), and varying
in the range between 0.17 and 0.31, as shown in Fig. S6. The levels SD = 0.4 and SD = 0.6 produced
similar, largely overlapping profiles (see Supplementary Data 1).

4 GROWTH RATES
To estimate growth rates β, we fit a 7-day moving average of the corresponding incidence time series I(t)
to an exponential function α exp(β(t)), using MATLAB R2020a function movmean(I, [6 0]). The growth
rate of the observed incidence were estimated for several time periods (see Table S7).

The growth rates βSD for the time series simulated for each SD level between 0.0 and 1.0 were estimated
for the periods lasting from either the start of initial restrictions (27 June), or from 16 July (comprehensive
lockdown measures were announced on 17 July).

5 HOSPITALISATIONS AND FATALITIES
In computing daily hospitalisations, as fractions of case incidence, we used age-dependent case hospitalisa-
tion risks (CHRs) reported for the Alpha (B.1.1.7) variant (Nyberg et al., 2021), and scaled up to the Delta
variant. To scale the CHRs, we run a linear regression between (i) the hospitalisations computed according
to the CHRs determined for the Alpha variant (Nyberg et al., 2021), and (ii) the actual hospitalisations
reported in Australia between 16 June and 24 September 2021 (cov, 2021). The regression produced a good
fit (R2 = 0.988), with the multiplier of 1.715 and the additive constant of 43.38, see Fig. S7. The CHR
estimates are shown in Table S8. Using the case incidence projections (for vaccinated and unvaccinated
agents) and the CHRs, the hospitalisations were computed with time offset of 5 days (Health Protection
NSW, 2021b), and the average hospital stay of 14 days. The vaccine efficacy against severe disease was
assumed to be above 90% (specifically, VEh= 0.95) (Nasreen et al., 2021; Stowe et al., 2021), reducing the
number of hospitalised vaccinated agents accordingly, before computing the resultant occupancy.

Age-dependent rate estimates for daily ICU admissions, as fractions of daily hospitalisations, were
approximated by determining the corresponding ratios between the average ICU occupancy and the average
hospitalisations (occupancy), reported in NSW between 16 June and 28 August 2021 (Health Protection
NSW, 2021b). These estimates are included in Table S8. Using the hospitalisations (for vaccinated and
unvaccinated agents) and the ICU admission rates, the ICU demand was computed with the average hospital
stay of 18 days (Burrell et al., 2021).

To estimate potential fatalities, as fractions of case incidence, we use a meta-regression equation for
age-dependent infection fatality rates (IFRs) (Levin et al., 2020):

log10(IFR) = −3.27 + 0.0524× age (S7)

The IFR for the age over 80 years was truncated at the IFR for 80 years. Using the case incidence projections
(for vaccinated and unvaccinated agents) and the IFRs, the fatalities were computed with time offset of 11
days (Health Protection NSW, 2021b). The vaccine efficacy against death was assumed to be above 90%
(VEf= 0.95) (Nasreen et al., 2021; Stowe et al., 2021; Hyde et al., 2021), reducing the number of fatalities
among vaccinated agents accordingly.
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6 SUPPLEMENTARY TABLES AND FIGURES

Table S1. Daily transmission rates qgj→i for different contact groups g. The age is assigned an integer value.

Contact Group g Infected Individual j Susceptible Individual i Transmission Probability qgj→i

Household size 2 Any Child (≤ 18) 0.0933
Any Adult (≥ 19) 0.0242

Household size 3 Any Child (≤ 18) 0.0586
Any Adult (≥ 19) 0.0149

Household size 4 Any Child (≤ 18) 0.0417
Any Adult (≥ 19) 0.0106

Household size 5 Any Child (≤ 18) 0.0321
Any Adult (≥ 19) 0.0081

Household size 6 Any Child (≤ 18) 0.0259
Any Adult (≥ 19) 0.0065

School Child (≤ 18) Child (≤ 18) 0.00029
Grade Child (≤ 18) Child (≤ 18) 0.00158
Class Child (≤ 18) Child (≤ 18) 0.00865

Table S2. Daily contact rates cgj→i for different contact groups g. The age is assigned an integer value.

Mixing group g Infected individual j Susceptible individual i Contact probability cgj→i

Household cluster Child (≤ 18) Child (≤ 18) 0.05
Child (≤ 18) Adult (≥ 19) 0.05
Adult (≥ 19) Child (≤ 18) 0.05
Adult (≥ 19) Adult (≥ 19) 0.05

Working Group Adult (19-64) Adult (19-64) 0.05
Neighbourhood Any Child (0-4) 0.0000435

Any Child (5-18) 0.0001305
Any Adult (19-64) 0.000348
Any Adult (≥ 65) 0.000696

Community Any Child (0-4) 0.0000109
Any Child (5-18) 0.0000326
Any Adult (19-64) 0.000087
Any Adult (≥ 65) 0.000174
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Table S3. Main parameters for AMTraC-19 transmission model.

parameter value distribution notes

κ 5.3 NA global transmission scalar
Tinc 4.4 days (mean) lognormal (µ = 1.396, σ = 0.413) incubation period
Trec 10.5 days (mean) uniform [7, 14] days symptomatic (or asymptomatic) period
α 0.5 NA asymptomatic transmission scalar
ρ 0.08 NA contact-to-transmission scalar
σa 0.67 NA probability of symptoms in adults (age > 18)
σc 0.134 or 0.268 NA probability of symptoms in children (age ≤ 18)

rsymp 0.227 NA daily case detection rate (symptomatic)
rasymp 0.01 NA daily case detection rate (asymptomatic)

Table S4. The macro-distancing parameters and interaction strengths of NPIs. An example simulation scenario set for 28 weeks (196 days), with SD and SC
synchronised to be triggered by 400 cumulative cases and last for 121 days.

Macro-distancing Micro-distancing (interaction strengths)
Intervention Compliance level Duration T Threshold Household Community Workplace/School Duration t

CI 0.7 196 0 1.0 0.25 0.25 D(i)

HQ 0.5 196 0 2.0 0.25 0.25 14
SCc 1.0 121 400 1.0 0.5 0 121
SCa 0.5 121 400 1.0 0.5 0 121
SD 0.5 121 400 1.0 0.25 0.1 121

Table S5. Simulated and actual (Australian Government, Department of Health, 2021) vaccination coverage across Australia (double vaccinated individuals).

date Adults (16+): actual (%) Adults (16+): simulated (%) Total population: simulated (%)

16 July 13.35 17.28 13.82
16 August 26.88 33.51 26.80
15 September 44.66 49.21 39.36
16 October 67.85 65.44 52.35
13 November 83.01 79.38 63.49

Table S6. Calibration targets.

parameter value from ABM [range] sample size target value [range] notes

R0 (σc = 0.134) 5.97 [5.93, 6.00] 6318 [5.5, 6.5] basic reproductive ratio (Campbell et al., 2021)
Tgen (σc = 0.134) 6.88 [6.81, 6.94] 6318 [5.8, 8.1] generation/serial interval (Campbell et al., 2021)

(Wu et al., 2020; Blanquart et al., 2021)
R0 (σc = 0.268) 6.20 [6.16, 6.23] 6609 [5.5, 6.5] basic reproductive ratio (Campbell et al., 2021)
Tgen (σc = 0.268) 6.93 [6.87, 6.99] 6609 [5.8, 8.1] generation/serial interval (Campbell et al., 2021)

(Wu et al., 2020; Blanquart et al., 2021)
βI β0.4 = 0.084 10 0.098 [0.084, 0.112] growth rate, case incidence (NSW: 17 June–13 July)
βIII β0.6 = 0.029 10 0.037 [0.026, 0.048] growth rate, case incidence (NSW: 16–25 July)

Ac (σc = 0.268) Ac (SD = 0.5) = 0.22 [0.16, 0.29] 10 0.27 [0.22, 0.29] fraction of cases in children (age ≤ 18)
(NSW: 16 June–19 August) (NCIRS, 2021)
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Table S7. The growth rate of the observed incidence.

growth rate period mean 95% CI

βI 17 June – 13 July 0.098 [0.084, 0.112]
βII 17 June – 25 July 0.076 [0.069, 0.084]
βIII 16 July – 25 July 0.037 [0.026, 0.048]

Table S8. Estimates of age-dependent case hospitalisation risks (CHRs, %) and ICU admission rates.

Rate \Age 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80+

CHR (Alpha) (Nyberg et al., 2021) 0.9 0.7 1.9 3.4 5.0 7.2 10.6 16.9 21.7
CHR (Delta) 1.54 1.20 3.26 5.83 8.58 12.35 18.18 28.98 37.22
ICU (Delta) 0.01 0.06 0.09 0.9 0.13 0.19 0.19 0.17 0.09

Table S9. Estimates (across Australia) of the peak demand in hospitalisations and ICUs, for various vaccine efficacies (VEi= 0.5 is used in primary analysis,
varied to VEi= 0.35 and VEi= 0.65 in sensitivity analysis).

Peak hospitalisations: mean and 95% CI Peak ICU demand: mean and 95% CI
Scenario Total Vaccinated Unvaccinated Total Vaccinated Unvaccinated

VEi = 0.5
SD = 0.4 4805 [4282, 5257] 113 [102, 122] 4706 [4221, 5154] 812 [731, 885] 18 [16, 20] 795 [711, 868]
SD = 0.5 1604 [1358, 1844] 33 [29, 38] 1575 [1331, 1809] 272 [230, 312] 5.7 [4.8, 6.5] 267 [227, 306]
SD = 0.6 533 [476, 579] 8.7 [7.7, 9.3] 526 [467, 571] 91 [80, 99] 1.5 [1.3, 1.6] 89 [79, 97]

VEi = 0.35
SD = 0.4 7216 [6460, 7771] 158 [176, 188] 7061 [6296, 7616] 1225 [1093, 1314] 28 [25, 31] 1197 [1069, 1284]
SD = 0.5 2249 [1882, 2657] 45 [53, 61] 2204 [1851, 2600] 381 [320, 449] 8.6 [7.2, 10] 374 [314, 441]
SD = 0.6 620 [571, 668] 10.9 [11.8, 12.5] 610 [562, 658] 105 [97, 114] 2 [1.9, 2.2] 103 [95, 111]
VEi = 0.65
SD = 0.4 3817 [3497, 4068] 69.6 [63, 75] 3747 [3428, 3990] 650 [598, 692] 14.1 [13, 15] 637 [589, 681]
SD = 0.5 1252 [1172, 1336] 22 [21, 24] 1230 [1148, 1313] 213 [200, 228] 4.1 [3.8, 4.4] 210 [195, 224]
SD = 0.6 467 [414, 525] 6.9 [6.1, 7.7] 462 [411, 522] 79 [70, 89] 1.2 [1, 1.4] 78 [70, 88]

Table S10. Estimates (across Australia) of cumulative fatalities (15 October 2021), for various vaccine efficacies (VEi= 0.5 is used in primary analysis, varied
to VEi= 0.35 and VEi= 0.65 in sensitivity analysis).

Cumulative fatalities: mean and 95% CI
Scenario Total Vaccinated Unvaccinated

VEi = 0.5
SD = 0.4 1201 [1057, 1326] 10 [8.8, 11.2] 1191 [1047, 1313]
SD = 0.5 539 [479, 624] 4.2 [3.5, 4.9] 535 [447, 615]
SD = 0.6 235 [209, 256] 1.7 [1.5, 1.8] 233 [205, 253]

VEi = 0.35
SD = 0.4 1672 [1455, 1834] 14.3 [12.3, 15.7] 1658 [1435, 1817]
SD = 0.5 667 [553, 811] 5.4 [4.5, 6.5] 661 [543, 798]
SD = 0.6 259 [238, 280] 1.9 [1.8, 2.1] 257 [237, 278]
VEi = 0.65
SD = 0.4 1094 [997, 1175] 8.9 [8.1, 9.7] 1082 [987, 1165]
SD = 0.5 461 [429, 494] 3.6 [3.4, 3.8] 458 [426, 490]
SD = 0.6 216 [191, 244] 1.5 [1.3, 1.7] 214 [189, 241]
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Figure S1. Model of the natural history of COVID-19. Profiles of the infectivity are sampled from 20
random agents, with each profile rising exponentially until a peak, followed by a linear decrease to full
recovery. Vertical dashed lines indicate the mean incubation period Tinc: 5.5 days (top) and 4.4 days
(bottom), with the means distributed log-normally.
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Figure S2. Sensitivity analysis for early interventions, moderate restrictions and shorter incubation
period (NSW; progressive vaccination rollout; suppression threshold: 100 cases; Tinc = 4.4, R0 =
5.97, Tgen = 6.88): a comparison between simulation scenarios and actual epidemic curves up to 13
July, under moderate interaction strengths (CIc = CIw = 0.25, HQc = HQw = 0.25, SDc = 0.25,
SC = 0.5). A moving average of the actual time series for (a) (log-scale) incidence (crosses), and (b)
cumulative incidence (circles); with an exponential fit of the incidence’s moving average (black solid line
showing βI = 0.098). Vertical dashed marks align the simulated days with the outbreak start (17 June,
day 11), initial restrictions (27 June, day 21), and tighter lockdown (9 July, day 33). Traces corresponding
to each social distancing (SD) compliance level are shown as average over 10 runs (coloured profiles for
SD varying in increments of 10%, i.e., between SD = 0.0 and SD = 1.0). 95% confidence intervals for
incidence profiles, for SD ∈ {0.4, 0.5, 0.6}, are shown as shaded areas. Each SD intervention, coupled
with school closures, begins with the start of initial restrictions, when cumulative incidence exceeds 100
cases (b: inset). The alignment between simulated days and actual dates may slightly differ across separate
runs. Case isolation and home quarantine are in place from the outset.

Frontiers 15



Supplementary Material

(a)

14
-J

un

24
-J

un

04
-J

ul

14
-J

ul

24
-J

ul

03
-A

ug

13
-A

ug
Date

100

101

102

103

In
ci

de
nc

e

(b)

03
-J

un

14
-J

un

24
-J

un

04
-J

ul

14
-J

ul

24
-J

ul
03

-A
ug

13
-A

ug

Date

0

500

1000

1500

2000

C
um

ul
at

iv
e 

in
ci

de
nc

e

SD=0
SD=0.1
SD=0.2
SD=0.3
SD=0.4
SD=0.5
SD=0.6
SD=0.7
SD=0.8
SD=0.9
SD=1

24-Jun 04-Jul 14-Jul
0

200

400

600

800

Figure S3. Sensitivity analysis for early interventions, moderate restrictions and longer incubation
period (NSW; pre-pandemic vaccination rollout; suppression threshold: 100 cases; Tinc = 5.5, R0 =
6.09, Tgen = 7.74): a comparison between simulation scenarios and actual epidemic curves up to 13 July,
under moderate interaction strengths (CIc = CIw = 0.25, HQc = HQw = 0.25, SDc = 0.25, SC = 0.5).
A moving average of the actual time series for (a) (log-scale) incidence (crosses), and (b) cumulative
incidence (circles); with an exponential fit of the incidence’s moving average (black solid line showing
βI = 0.098). Vertical dashed marks align the simulated days with the outbreak start (17 June, day 13),
initial restrictions (27 June, day 23), and tighter lockdown (9 July, day 35). Traces corresponding to each
social distancing (SD) compliance level are shown as average over 10 runs (coloured profiles for SD
varying in increments of 10%, i.e., between SD = 0.0 and SD = 1.0). 95% confidence intervals for
incidence profiles, for SD ∈ {0.4, 0.5, 0.6}, are shown as shaded areas. Each SD intervention, coupled
with school closures, begins with the start of initial restrictions, when cumulative incidence exceeds 100
cases (b: inset). The alignment between simulated days and actual dates may slightly differ across separate
runs. Case isolation and home quarantine are in place from the outset.
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Figure S4. Sensitivity analysis for early interventions, tight restrictions and shorter incubation
period (NSW; pre-pandemic vaccination rollout; suppression threshold: 100 cases; Tinc = 4.4,
R0 = 5.97, Tgen = 6.88): counter-factual simulation scenarios, under lowest feasible interaction strengths
(CIc = CIw = 0.1, HQc = HQw = 0.1, SDc = 0.1, SC = 0.1), for (a) (log scale) incidence (crosses),
and (b) cumulative incidence (circles). Traces corresponding to feasible social distancing (SD) compliance
level are shown as average over 10 runs (coloured profiles for SD varying in increments of 10%, i.e.,
between SD = 0.5 and SD = 0.9). Vertical lines mark the incidence peaks (dotted) and reductions below
10 daily cases (dashed). 95% confidence intervals are shown as shaded areas. Each SD intervention, coupled
with school closures, begins with the start of initial restriction, when cumulative incidence exceeds 100
cases (i.e., simulated day 21). The alignment between simulated days and actual dates may slightly differ
across separate runs. Case isolation and home quarantine are in place from the outset.
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Figure S5. Sensitivity analysis for early interventions, tight restrictions and longer incubation
period (NSW; pre-pandemic vaccination rollout; suppression threshold: 100 cases; Tinc = 5.5,
R0 = 6.09, Tgen = 7.74): counter-factual simulation scenarios, under lowest feasible interaction strengths
(CIc = CIw = 0.1, HQc = HQw = 0.1, SDc = 0.1, SC = 0.1), for (a) (log scale) incidence (crosses),
and (b) cumulative incidence (circles). Traces corresponding to feasible social distancing (SD) compliance
level are shown as average over 10 runs (coloured profiles for SD varying in increments of 10%, i.e.,
between SD = 0.5 and SD = 0.9). 95% confidence intervals are shown as shaded areas. Each SD
intervention, coupled with school closures, begins with the start of initial restrictions, when cumulative
incidence exceeds 100 cases (i.e., simulated day 23). The alignment between simulated days and actual
dates may slightly differ across separate runs. Case isolation and home quarantine are in place from the
outset.
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Figure S6. Fraction of cases in children across Australia. A trace corresponding to social distancing
level SD = 0.5 is shown for the period between 30 June and 13 November as average over 10 runs. 95%
confidence interval is shown as a shaded area. Minimal and maximal traces, per time point, are shown with
dotted lines. The horizontal line shows the fraction of cases in children averaged for the period up to 31
July (Ac = 0.22), in agreement with the rate reported for the period between 16 June and 31 July (NCIRS,
2021). The SD intervention, coupled with school closures, begins with the start of initial restrictions. The
alignment between simulated days and actual dates may slightly differ across separate runs. Case isolation
and home quarantine are in place from the outset.

0 100 200 300 400 500 600 700 800 900

 Hospitalisations (occupancy), estimated according to Nyberg, et al. (2021)

0

200

400

600

800

1000

1200

1400

1600

A
ct

ua
l h

os
pi

ta
lis

at
io

ns
 (

oc
cu

pa
nc

y)

Figure S7. Scaling case hospitalisation risks (CHRs). A linear regression (R2 = 0.988) between (i) the
hospitalisations computed according to the CHRs determined for the Alpha variant (Nyberg et al., 2021),
and (ii) the actual hospitalisations reported in Australia (cov, 2021) between 16 June and 24 September
2021.
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Figure S8. Estimated hospitalisations (occupancy) across Australia. Traces corresponding to social
distancing levels SD ∈ {0.4, 0.5, 0.6} are shown for the period between 16 June and 13 November, as
averages over 10 runs (coloured profiles). 95% confidence intervals are shown as shaded areas. For each
SD level, minimal and maximal traces, per time point, are shown with dotted lines. A moving average of
the actual time series is shown in black. Peaks formed during the suppression period for each SD profile
are identified with coloured dashed lines. The SD intervention, coupled with school closures, begins with
the start of initial restrictions. The alignment between simulated days and actual dates may slightly differ
across separate runs. Case isolation and home quarantine are in place from the outset.
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Figure S9. Estimated ICU demand across Australia. Traces corresponding to social distancing levels
SD ∈ {0.4, 0.5, 0.6} are shown for the period between 16 June and 13 November, as averages over 10
runs (coloured profiles). 95% confidence intervals are shown as shaded areas. For each SD level, minimal
and maximal traces, per time point, are shown with dotted lines. A moving average of the actual time
series is shown in black. Peaks formed during the suppression period for each SD profile are identified with
coloured dashed lines. The SD intervention, coupled with school closures, begins with the start of initial
restrictions. The alignment between simulated days and actual dates may slightly differ across separate
runs. Case isolation and home quarantine are in place from the outset.
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Figure S10. Estimated cumulative fatalities across Australia. Traces corresponding to social distancing
levels SD ∈ {0.4, 0.5, 0.6} are shown for the period between 16 June and 13 November, as averages
over 10 runs (coloured profiles). 95% confidence intervals are shown as shaded areas. For each SD level,
minimal and maximal traces, per time point, are shown with dotted lines. A moving average of the actual
time series is shown in black. Dashed lines mark cumulative fatalities estimated for 15 October 2021, as
reported in Table 3. The SD intervention, coupled with school closures, begins with the start of initial
restrictions. The alignment between simulated days and actual dates may slightly differ across separate
runs. Case isolation and home quarantine are in place from the outset.
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Figure S11. Moderate restrictions (Australia; progressive vaccination rollout; suppression thresh-
old: 400 cases): a comparison between simulation scenarios and actual epidemic curves up to November 13,
under moderate interaction strengths (CIc = CIw = 0.25, HQc = HQw = 0.25, SDc = 0.25, SC = 0.5).
A moving average of the actual time series for incidence is shown with crosses. Traces corresponding to
social distancing levels SD ∈ {0.4, 0.5, 0.6} are shown for the period between 16 June and 13 November,
as averages over 10 runs (coloured profiles). 95% confidence intervals are shown as shaded areas. For each
SD level, minimal and maximal traces, per time point, are shown with dotted lines. Peaks formed during
the suppression period for each SD profile are identified with coloured dashed lines. Each SD intervention,
coupled with school closures, begins with the start of initial restrictions. The alignment between simulated
days and actual dates may slightly differ across separate runs. Case isolation and home quarantine are in
place from the outset. Compare with Fig. 3.a showing the same data and simulated scenarios on a log scale.
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Figure S12. Estimated hospitalisations (occupancy), ICU demand, and cumulative fatalities across
Australia; sensitivity analysis for different efficacies against infectiousness: VEi= 0.35, shown in left
panels (a), (b), (c), and VEi= 0.65, shown in right panels (d), (e), (f). Traces corresponding to social
distancing levels SD ∈ {0.4, 0.5, 0.6} are shown for the period between 16 June and 13 November, as
averages over 10 runs (coloured profiles). 95% confidence intervals are shown as shaded areas. The SD
intervention, coupled with school closures, begins with the start of initial restrictions. The alignment
between simulated days and actual dates may slightly differ across separate runs. Case isolation and home
quarantine are in place from the outset.
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